The structure and phase composition of microplasma coatings formed on a Ti-6Al-4V alloy using the alternating current mode in solutions with different concentrations of KOH, NaAlO 2 and Na 6 P 6 O 18 were investigated using XRD analysis, microscope analysis and microhardness testing. The thickness and weight gain were measured with electronic thickness gage and correspondingly, with the gravimetric method. The crystal structure of the microplasma electrolytic coatings had amorphous, rutile, -Al 2 O 3 and Al 2 TiO 5 phase. The coating morphology may be presented as 3 layers-the external amorphous layer, the internal layer, and the barrier layer.
Introduction
Microplasma electrolytic coatings on the surface of titanium alloys have been applied in many fields. The medical and mechanical industries, especially, use them for their excellent biocompatibility and high tribological property, respectively. [1] [2] [3] [4] [5] Microplasma research for titanium alloys has been much less extensive than for aluminum alloys. Many investigators carried out experiments using the direct-current (DC) mode to obtain protective coatings. 6, 7) The use of the alternative-current (AC) mode holds more promise, however, in obtaining a dense and thick coating. 8) The effects of the process parameters on the coating growth kinetics and data on the phase composition, structure and mechanical properties of the coating layers have also been published. [2] [3] [4] 8) The authors of these papers, however, marked only the start of the systematic study of the microplasma processes for titanium alloys.
The primary objectives of this paper are to continue the systematic study of the influence of the concentration on the coating characteristics and to compare the data obtained with those published. The systematical data are required to develop a model and to describe the mechanism of the formation of the layers of the microplasma electrolytic coating on titanium alloys in alkaline media depending on electrolysis conditions, in particularly electrolyte concentration.
The microplasma electrolytic processes are very complex and manifold; and up to now, they have been poorly investigated especially for titanium alloys. Moreover, the universal theory on the processes is absent, and the ''black box ideology'' is recommended for application. 9) One part of this approach calls for the design of multiple-factor experiments and the mathematical treatment of data. 9, 10) Numerous investigators have used these methods successfully. 4, 11, 12) 
Experimental Methodology
Disc samples of industrial-grade Ti-6Al-4V alloy with square 0.01 dm 2 were used for microplasma treatment under AC polarization in a stainless steel tank with a 10-liter capacity. This tank was provided with a stirring and cooling system. Aqueous solutions of KOH, NaAlO 2 and Na 6 P 6 O 18 were used as electrolytes. The detailed concentrations can be found in Table 1 . The initial anode current density was 20 AÁdm À2 . The durations of the process ranged from 90 to 120 minutes. After the treatment, the samples were rinsed thoroughly with water and dried in hot air. The weight gains of the samples were measured using analytical-balance BLA200m with AE0:2-mg accuracy. The coating thickness was measured using electronic thickness gage QuaNix 1500 with 2% accuracy. The adhesion property was evaluated qualitatively using a steel needle and a microscope. Vickers hardness (H V ) was measured by means of an MP3 hardness tester at a load of 200 g. To investigate the hardness variations with the depth of the coating layers, the upper parts of the coating layer were removed after the hardness was measured, after which these processes were repeated.
Results and Discussion

Kinetic characteristics of the coating formation
Systematic investigations, in particular, researches on the basic kinetic patterns and dependencies of the coating properties on the process parameters that are changed in the wide intervals, require much time. It is appropriate to use the strategy of the factorial experiments 9) for these purposes. This paper presents the results of the ''three-factor and threelevel design.'' KOH, NaAlO 2 and Na 6 P 6 O 18 were used as components of the complex electrolyte. In other words, these components are the variable parameters or ''factors.'' The different concentrations of each component are the ''levels'' of the variable parameters or ''factors.'' Three replicas of each combination of factor levels were made. The investigating characteristic of the coating is the ''response'' of the effect of any combination of factor levels. In the Tables below, the average values of the three replicas are given.
The coating thickness and the weight gain of the samples of the different combinations of electrolytes are given in Tables 1 and 2, respectively. In principle, the realization of such type of factorial experiments is required after carrying out a ''variance analysis'' of the data obtained to reveal the influence of concentrations of the electrolyte components on the investigating characteristics. Regardless of the variance analysis not being carried out, it can be seen, however, that the coating thickness and the weight gain of the samples increased with the increase in the NaAlO 2 concentration. The influence of the KOH and Na 6 P 6 O 18 concentrations on these characteristics is more complex. Only the weak dependence of these characteristics on the KOH concentration was revealed. The increase in the Na 6 P 6 O 18 concentration caused the increase in the coating thickness and the weight gain, but their joint action caused the negative influence on the aforementioned characteristics when the NaAlO 2 concentration was equal to 2 g/L.
The microscope analysis of the cross-sections of the coating layers made it possible to distinguish two types of coating structures: the uniform mixture of yellow foam with dark blue-violet inclusions, and the more complex structure composed of three layers-an external layer, which is the same as the aforementioned, a second layer of a dense yellow-white substance, and a third brownish barrier layer (see Fig. 1 ). Figure 2 shows the variations of the coating thickness and the weight gain of the samples with variations in the process duration. Whereas the coating thickness increased proportionally with the process duration, the weight gain rose to a maximum value and then decreased. Yerokhin et al. 4) obtained similar dependencies under high concentrations of the alkaline electrolyte, and they explained that the decrease in the weight gain and the increase in the layer thickness according to the process duration were due to the low density of TiO 2 , which was the main phase in the coating layers, produced by the following equations:
This explanation, however, does not seem to be a conclusive proof because the increase in the concentration of Al(OH) À 4 could, first of all, stimulate not only the reaction in eq. (2) but also in eq. (3) as follows:
In turn, the products of the reaction in eq. (3) led to the formation of Al 2 TiO 5 . Moreover, the XRD data of the same authors 4) and these authors showed that the quantity of Al 2 TiO 5 increased with the duration of the process in electrolytes with a high pH. A more conclusive hypothesis could be the following: The reduction of the sample weight gain is caused by the dominant formation of Al 2 TiO 5 .
The obtained data were compared with the microscope analysis data on the angle laps of the coatings (Fig. 1) . It turned out that the thin coating layer was grayish with perse inclusions at the start of the process. Between the thickness values of 66 and 83 microns, the perse inclusions were concentrated near the coating surface, then near the yellowwhite layer, and then near the brownish layer close to the metal-coating interface. When the total thickness exceeded 100 mm, the thickness of the yellow-white layer was only about 40 mm. This yellow-white layer increased with the process duration. The external layer became grayish with the uniform distribution of the perse inclusions. This complex coating structure was found only for several electrolyte compositions. The histogram in Fig. 3 shows the set of electrolyte compositions that produced a complex coating structure. Figure 4 shows the variations of the XRD patterns with the NaAlO 2 concentration. It can be seen that the -Al 2 O 3 -phase appeared only under 10 g/L of NaAlO 2 . Figure 5 shows the variations of the XRD patterns with the KOH concentration. It can be seen that the content of the TiO 2 phase increased whereas that of the Al 2 TiO 5 andAl 2 O 3 phases decreased with an increase in the KOH concentration. Finally, the -Al 2 O 3 -phase disappeared when the KOH concentration increased up to 3 g/L. It should be noted that the maximal content of the -Al 2 O 3 -phase in the volume of the coating layers was below 10%, although that phase existed. Figure 6 shows the variations of the XRD patterns with the Na 6 P 6 O 18 concentration. It can be seen that the -Al 2 O 3 -phase was present in the coating layers when the Na 6 P 6 O 18 concentration was 7 g/L.
Phase composition and structure of the coating layer
The relative content of the -Al 2 O 3 phase was less than 10% in the coating layer produced for 90 minutes. It was proposed that the quantity of the -Al 2 O 3 phase would increase with an increase in the microplasma process Fig. 3 The existing of the coating layered structure for the different combinations of factor levels. duration. It can be seen in Table 3 that the -Al 2 O 3 content slightly increased when the process duration was 120 minutes. The films obtained with conventional anodization contained the other titanium oxides, such as TiO, Ti 2 O 3 and TiO 2 .
13) At some electrolyte compositions under AC polarization, Ti 3 O 5 can be produced.
8) The compositions investigated in this study made it possible, however, to obtain only the TiO 2 rutile phase. The higher content of the Al 2 TiO 5 phase in the external layer compared to that in the internal layer was caused by the presence of NaAlO 2 in the solution. The anion (AlO 2 À ) aq could have been present in the alkaline solution most probably as Al(OH) 4 À . 14) Al 2 TiO 5 can be produced at the expense of the diffusion of Al(OH) 4 À in the electrode layer of the electrolyte and at the expense of the adsorption processes in the external coating layer, and also under high temperature in the microdischarge zone and adjacent zones. The mechanism suggested by the authors 2) is as follows: ''Al 2 TiO 5 is a eutectoid of alumina and titania. At the zone adjacent to the electrode, there are large amounts of Ti 4þ dissociated from the substrate and thus surplus amounts of TiO 2 compared with -Al 2 O 3 are generated. Due to the high temperature, the phase transformation fromAl 2 O 3 +surplus TiO 2 to Al 2 TiO 5 +TiO 2 (R) can be expected to occur. As a results, -Al 2 O 3 is not found in the inner layer. The outer layer, directly connected with the solution, is enriched with alumina.'' This mechanism can be taken only as a hypothesis, however, because (AlO 2 À ) aq exists in many electrolyte compositions but -Al 2 O 3 forms only in the electrolytes containing phosphate anions 2, 4) and is absent in the electrolytes without phosphate anions. 1, 3, 4) Besides, the question emerges as to where anatase, which forms in the electrolyte that contains phosphates, is. 4) Additional information is needed to develop this hypothesis.
Evaluation of the microhardness
Experimental data on Vickers microhardness are shown in Table 4 . As previously mentioned, about 40% and 70% of the total thickness were removed in turn after the hardness was measured so as to investigate the hardness variations with the depth of the coating layer.
Two values of microhardness are given for the same sample surface in Table 4 . The higher and lower microhardness values are correlated with the dense and soft parts of the coating surface, respectively. It was shown that the microhardness of the dense parts increased from 750 AE 50 kg/mm 2 (40% of the total coating thickness was removed) to Table 4 The microhardness of coatings. 1100 AE 50 kg/mm 2 (70% was removed). The hardness of the soft parts of the coating surface retained 500 AE 50 kg/mm 2 . When the residuary coating thickness was less than 30% of the total thickness, the microhardness started to decrease. The data obtained in this investigation agreed well with the results obtained by earlier investigators. 4) In general, there was a similar tendency along the depth in different Na 6 P 6 O 18 concentrations. The structure of the coating layers was more complex, however. The surface of the coating layer consisted of two types of dark sections. One was a very soft substance, the microhardness of which was 300 kg/mm 2 , the same as that of the Ti-substrate. The other was a very hard substance that was glass-like, with microhardness near 1;100 AE 50 kg/ mm 2 and that produced much under a high Na 6 P 6 O 18 concentration. The drawbacks of the second type of dark section are its high frailness property and low adhesion property.
The effects of the KOH and NaAlO 2 concentrations on the microhardness of the identical coating layers were obscure.
Conclusion
(1) The thickness and the weight gain of the coating layer increased with the increase in the NaAlO 2 concentration from 2 to 10 g/L. The same tendency was shown with respect to the increase in the Na 6 P 6 O 18 concentration from 4 to 10 g/L. The bad mutual influence of KOH and Na 6 P 6 O 18 on these coating parameters was revealed, and was more evident under 2 g/L of NaAlO 2 . (2) The increase in the Na 6 P 6 O 18 concentration made the coating layer loose and multi-structured. It was found that the moment of decrease in the weight gain rate of the coating layer coincided with the moment of formation of different layers. (3) It was found that the coating on the surface of the Ti6Al-4V alloy consisted of three layers under several combinations of concentrations of KOH, Na 6 P 6 O 18 and NaAlO 2 . In general, the external layer contained the set of dark blue inclusions in the yellow-white matrix, the internal layer consisted of the yellow-white substance and the rare dark blue inclusions, and the third barrier layer was brownish. (4) The phase composition was composed of Al 2 TiO 5 , TiO 2 Rutile and -Al 2 O 3 (only under high NaAlO 2 concentrations). (5) The microhardness along the depth of the coating layer increased up to a maximal value and then started to decrease. The analysis of the peak values showed that the influence of the KOH and Na 6 P 6 O 18 concentrations was obscure and that the increase in the NaAlO 2 concentration caused the weak increase in the microhardness.
